A rapid flotation method for separation and enrichment of ultra trace amounts of copper(II), cadmium(II), nickel(II) and cobalt(II) ions from water samples is established. At pH 6.5 and with sodium dodecylsulfate used as a foaming reagent, Cu
Introduction
The roles of trace heavy metals in animal and plant biological systems are very important, although very complex. The lack of these microelements in biological systems can cause many diseases and illnesses. However, the excess quantities of some of these elements can induce different harmful consequences. The most frequently present microelements: cobalt, copper, cadmium and nickel, are introduced into human and animal bodies by food, water, air, etc., while the most common routes for the introduction of heavy metals into plants include rain, snow, fertilizer and water of irrigation. Thus, the development of accurate and rapid determination methods for monitoring the trace levels of cobalt, copper, cadmium and nickel concentrations in different water samples is urgently necessary.
Atomic absorption spectrometry (AAS) is an accurate and rapid method for the determination of many heavy metals in natural waters. Nevertheless, very frequently for the extremely low concentrations of cobalt, copper, cadmium and nickel in waters, a direct determination cannot be applied without a prior preconcentration and separation step.
The classical preconcentration methods include solvent-solvent extraction, ion exchange, evaporation and especially coprecipitation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In the course of the coprecipitation enrichment method, the analytes are incorporated into the structure of the collector precipitate whose nature is colloidal. Next, the bulky colloidal precipitate is separated from the mother liquor by filtration or centrifugation. After the dissolution of the precipitate, analytes could be tested in the solution by AAS. However, this enrichment method suffers from some inconveniences, the two most important of which are the lengthy separation of the colloidal collector precipitate from the mother liquor by filtration or centrifugation and limitation of the volume of the sample solution investigated, which results in a lower enrichment factor.
These inconveniences can be overcome by replacement of filtration or centrifugation by flotation. The major advantages of the flotation preconcentration method are the rapidity of the procedure and the excellent recoveries of the trace elements investigated. 1, [12] [13] [14] [15] [16] The equipment necessary for flotation preconcentration is simple and inexpensive. The small amount of a surfactant and the tiny air bubbles necessary to perform the proper flotation prevent serious contamination risks, which could be manifested by the high blank values. One of the most important advantages of the flotation method is the ability to analyze a larger volume of sample solution and to obtain a greater preconcentration factor.
Several methods have been developed for the flotation of cobalt, copper, cadmium and nickel as trace elements from sea or fresh waters for analytical chemistry purposes. [15] [16] [17] [18] [19] [20] Based on electrochemical and spectrophotometric studies in nonaqueous and mixed solvents, we have already pointed out that 2-aminocyclopentene-1-dithiocarboxylic acid (ACDA) forms very stable and almost water insoluble 2:1 (ligand-to-metal) complexes with a number of transition metal ions including Cu(II), Cd(II), Ni(II) and Co(II). [21] [22] [23] [24] [25] The objective of this work was to present the successful use of ACDA as a very suitable reagent 26, 27 for the preconcentration of ultra trace amounts of Cu 2+ , Cd 2+ , Ni 2+ and Co 2+ ions by flotation, followed by ICP-AES determination of the metal ions in the float layer.
Experimental

Apparatus
Traces of Co
2+
, Cu
, Cd 2+ and Ni 2+ were determined by inductivity coupled plasma-atomic emission spectrometry (ICP-AES) using a Varian spectrometer Model Varian Vista Pro, CCD Simultaneous, Springvale, Australia. The instrumental and operating conditions are summarized in Table 1 . The pH measurements were carried out with a Corning ion analyzer 250 pH/mV meter with a combined glass electrode. The flotation was performed in a glass cylinder (4.0 cm i.d. × 105 cm) with a sintered glass disc (porosity No. 4) at its bottom to generate air bubbles.
Reagents
All reagents used were of analytical-reagent grade (Merck), except for the surfactants: sodium dodecylsulfate (SDS), sodium oleate (SOL), sodium stearate (SST) and Triton X-100, which were purchased from Fluka. Deionized distilled water was used throughout. By dissolving an appropriate amount of Co(NO3)2, NiCl2·8H2O, Cd(NO3)2 and Cu(NO3)2 in water, we prepared 1 g l -1 stock solutions of Co 2+ , Ni 2+ , Cd 2+ and Cu 2+ ions, respectively. Before each investigation, series of standard solutions of the metal ions were prepared by appropriate dilution of the stock solutions. The SDS solution used was 0.5 wt% in 95% ethanol. Solutions of 0.1 M HNO3 and KOH were used for pH adjustments. Ionic strength was adjusted by a saturated solution of KNO3. A solution of 0.1 M NH4NO3 was used to transfer quantitatively the contents of the beaker into the flotation cell.
Preparation of ACDA 28 A mixture of cyclopentanone (25 g, 0.30 mol), carbon disulfide (30 g, 0.3 mol) and 70 ml of aqueous ammonia (28%) was stirred below 0˚C for ca. 8 h. The yellow solid product was collected, washed with ether, mixed with a few milliliters of ethanol and dried over CaCl2. This crude ammonium salt was dissolved in water. The solution was cooled in ice, and a 2 M solution of HCl was added. The yellow solid material which was separated from the solution was collected, washed with water and dried over CaCl2. The crude solid was saturated with methanol at 40 -45˚C, and the solution was filtered. To the filtrate was added water, and the solution was allowed to stand below 10˚C. The yellow solid was collected, washed with water-ethanol (1:1) and dried over CaCl2; m.p. 106 -108˚C (rapid heating) and 99 -101˚C (slow heating).
Flotation procedure
A combined glass electrode was immersed into a l l beaker of sample solution containing 80 µg of Co 2+ , Cu 2+ , Ni 2+ and Cd 2+ ions. After 6 ml of saturated KNO3 solution and 1 ml of 0.5 wt% alcoholic solution of SDS were added, the pH of the medium was carefully adjusted to 6.5 with KOH solution. Then 10 ml of 4.0 × 10 -3 M ACDA in methanol and 2 ml of 0.1 M NH4NO3 were introduced into the mixture. After stirring for 15 min, the mixture was diluted to 1000 ml with distilled water.
The content of the beaker was transferred quantitatively into the flotation cell. An air stream (50 ml min -1 ) was kept flowing for 2 -4 min to raise the foam layer to the water surface. A foamy layer was thus obtained and the aqueous solution in the cell became clear. Then the glass pipette tube was immersed into the cell through the foam layer and a water sample (about 5 ml) was sucked off and used for ICP-AES measurements.
Results and Discussion
In our previous studies, we have found that ACDA forms very stable 1:2 metal-to-ligand complexes with a number of transition and heavy metal ions, including Co 2+ , Cu 2+ , Cd 2+ and Ni 2+ , which are more or less insoluble in water. [21] [22] [23] [24] [25] Thus, in this work, we examined the applicability of ACDA as a very promising reagent in the development of a rapid flotation method for separation and enrichment of ultra trace amounts of copper(II), cadmium(II), nickel(II) and cobalt(II) ions from water samples.
Influence of medium pH on flotation efficiency
The effect of varying the pH from 3 -8 on the floatability of 2.0 × 10 -6 M of Co 2+ , Cd 2+ , Ni 2+ and Cu 2+ was investigated in the presence of 4.0 × 10 -5 M ACDA and 1 ml of a 0.5 wt% of SDS solution in 95% ethanol. From the results shown in Fig. 1 , it is obvious that the maximum flotation efficiency (96 -100%) is attained in a pH range of 6.5 -7.0. In fact, at this pH, ACDA is deprotonated and its complexes with the metal ions of interest are very stable. 24, 25 Due to some possible hydroxide formation of the cations of interest, the investigations on the pH values higher than 8.0 were not carried out. As is obvious from Fig. 1 , within the pH range of 3.0 -5.0, the recoveries of all cations are sharply decreased, most probably due to the protonation of both ACDA and dodecylsulfate anions in acidic media. On the other hand, the possible hydrolysis of the cations at pH > 7 will result in some diminished recovery of all of them. Thus, a pH of 6.5 was selected for further studies. 
Effect of ACDA concentration on flotation efficiency
Since the amount of complexing agent is expected to largely affect the flotation separation process, [12] [13] [14] [15] [16] the influence of ACDA concentration on the floatability of 2.0 × 10 -6 M of Co 2+ , Cd 2+ , Ni 2+ and Cu 2+ ions was investigated, after adding 6 ml of saturated KNO3 solution and 1 ml of 0.5 wt% alcoholic solution of SDS at pH 6.5. The results are shown in Fig. 2 . As is obvious, complete flotation separation of all metal ions was achieved at ACDA concentrations greater than 4.0 × 10 -5 M. Thus, for subsequent work, an ACDA concentration of 4.0 × 10 -5 M was selected. It is worth mentioning that the presence of excess amounts of the ligand revealed no adverse effect on the flotation process. This is an advantageous point, as the procedure could thus be applied to the analysis of Co 
Effect of different types of surfactants on flotation efficiency
In order to investigate the influence of the nature of surfactants on the flotation efficiency of the cations, we examined different ionic and polar surfactants for the flotationdetermination of cobalt and copper ions; the results are given in Table 2 . Nonionic surfactants such as TX-100 foamed very well over the entire pH range and also a copious white scum was formed at the top of the aqueous phase, but the black precipitate of M(ACDA)2 was not separated by flotation and remained in the water.
However, the ionic surfactants were found to be more effective than the polar ones. As it is obvious from Table 2 , cobalt flotation recoveries obtained by SDS within the optimal pH range (6.0 -7.0) were 97.8%, while a quantitative recovery of almost 100% was obtained for copper ions. Copper and cobalt can also be floated by the anionic surfactant NaOL, although to some lower extent. Thus, SDS was chosen as the most appropriate reagent for simultaneous flotation of Co 2+ , Cd 2+ , Ni 2+ and Cu 2+ ions.
Effect of foreign ions
Interferences caused by foreign ions were studied in solutions containing 80 µg l -1 of Co
, Ni 2+ and Cu 2+ ions from aqueous solution using 0.5 ml of 0.5 wt% SDS and 4 × 10 -5 M ACDA at pH 6.5. The tolerance limit was taken as the concentration of foreign ion that caused an error of not more than 5% in the determination of the analytes. The results obtained from interfering studies are summarized in Table 3 . As is obvious, the selected investigated elements, which are usually present as main elements or traces in natural waters, have no adverse effect on the separation and determination of analyte ions under the recommended conditions.
Detection limits
To determine the standard deviation of the method, 10 blanks were floated, i.e. extracted by the recommended procedure, and then the concentrations of cobalt, cadmium, nickel and copper ions were determined by ICP-AES. The detection limit of the method (DL) was estimated as three times the standard 1065 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 
Flotation mechanism
There are in fact two main types of interactions involved in the process of flotation, namely physical and electrostatic interactions. 29, 30 The predominance of the electrostatic mechanism is mainly governed by such important factors as the size and charge of ionic species involved, the presence of electronegative atoms capable of forming hydrogen bonds in the ligand structure, and charged sites on the solid species and precipitates.
Based on the existence and observation of some experimental factors in the present work, it seems reasonable to assume the predominance of an electrostatic mechanism for the proposed flotation system. These factors include: the presence of C=S, -SH and -NH2 groups in ACDA structure, which possess high tendencies for forming H-bonds with the surfactant; the inability of Triton X-100 as a nonionic surfactant for flotation of the metal ion complexes involved; and previously reported spectroscopic and electrochemical information about the 2:1 complexes of ACDA with transition metal ions. [21] [22] [23] [24] [25] [26] [27] 
Application of the method
The proposed flotation method was used for the analyses of cobalt, cadmium, nickel and copper in three water samples of different water hardness. The water samples used included tap water, waste water from the Varamin Leather Factory (Tehran, Iran) and waste water from Tehran Electroplating Factory (Tehran, Iran). Immediately after sampling, the samples were treated by a few milliliters of concentrated HNO3 to prevent the possible hydrolytic precipitation of some mineral salts (pH of the conserved samples was 2.5 -3.0), and the recommended procedure was followed. The results obtained for the analyses of different water samples are presented in Table 4 . As seen, while there is no detectable amounts of Co 2+ , Cd 2+ and Ni 2+ in the tap water sample, the amounts of all cations in the waste water samples, especially Ni 2+ ion in the waste water from the electroplating process, are relatively high. ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 
